The angular dependence of the chemical shift of the 29 Si nuclear magnetic resonance has been measured in a synthetic single crystal of Mg 2 Si0 4 (space group Pbnm, Z = 4). The measurements were performed at room temperature at a frequency of 39.758 MHz using the FT-NMR technique. The eigenvalues of the shift tensor with respect to 29 Si in TMS are S x = -38.8 ppm, <>i = -55.3 ppm and ö-= -95.4 ppm, with the eigenvector y parallel to c and the eigenvector z forming an angle of 7.5° with a. The results show clearly the influence of the individual Si-0 bonds on the chemical shift tensor. The chemical shift along the Si-O bond depends in good approximation exponentially on the Si-0 bond distance.
Introduction
Experimental investigations of electronic and structural properties of silicate anions in minerals can, in principal, be performed by using the chemical shift effect of the 29 Si nuclear magnetic resonance (NMR). Lippmaa et al. [1] have shown that with magic angle sample spinning signals from various silicon environments in polycrystalline solids can be resolved. These authors measured the isotropic shifts of the 29 Si NMR transitions in silicates and aluminosilicates. The results are discussed with respect to the degree of condensation of the Si0 4 anion present in the particular sample. Grimmer et al. [2] measured the 29 Si NMR in polycrystalline silicates using the cross polarization double resonance technique. They found that the shortest Si-0 bond corresponds with the largest shift of the 29 Si NMR transition.
Smith et al. [3] found a correlation between the isotropic chemical shift of polycrystalline silicates and the averaged Si-0 bond strength. We present the first investigation of the angular dependence of the 29 Si NMR in a silicate single crystal. The measurements were undertaken to investigate the correlation between the individual Si-O bonds in the Si0 4 anion and the chemical shift along these bonds. The olivine end member, Mg 2 Si0 4 (forsterite), seems to be well suited for such an investigation because its orthorhombic structure (space group Pbnm) is built by isolated Si0 4 tetrahedra [4] , Furthermore, the Si-0 bonds are of the same type [5] and as may be seen from Table 2 they are sufficiently different to provide the opportunity for testing the above mentioned correlation.
Experimental Procedure and Results
In practice, the chemical shift d of the NMR transition of a particular spin in a certain sample is expressed with respect to the shift of that spin in a reference compound. Experimentally, ö is found as the normalized difference Table 1 shows the direction cosines of the eigenvectors x, \\ z of the two tensors with respect to the crystallographic axes. The upper signs belong to a tensor called tensor 1 and the lower signs belong to tensor 2. Tensor 1 is related to tensor 2 by the space group symmetry operation n.
The isotropic shift of -63.2 ppm is in good agreement with the one reported by Smith et al. [3] . However, the eigenvalues obtained by these authors are in error. This is very likely due to the indirect determination of the eigenvalues from spectra of polycrystalline samples.
Discussion
In solids several interactions may cause a shift of the NMR transition [7] , The most important interactions are the Knight shift [8] , the paramagnetic shift [9. 10] , and the chemical shift [7, 11, 12] . Nuclear quadrupole [13] and dipole-dipole [14] In the discussion of the angular dependence the problem arises to assign tensor 1 and 2 to the two magnetically inequivalent Si0 4 tetrahedra. This can be solved by taking into account the bond overlap population //(Si-O) which was calculated by Louisnathan and Gibbs [15] for the olivine silicate anion and the experimental electron density distribution in Mg 2 Si0 4 which was determined at room temperature e.g. bv Fujino et al. [16] using the x-ray technique. All authors found that the electron density between Si and O increases with decreasing Si-0 bond length. A larger electron density between Si and O. however, should produce a larger magnetic screening of the Si nuclei by interaction with the external magnetic field, and, hence, shift the 29 Si.
NMR transitions to lower frequencies resulting in a larger <5 value. Therefore, the tensors 1 and 2 are assigned to the two magnetically inequivalent Si0 4 anions in that way that the angle between the Si-0 1 bond which is the shortest in the olivine anion Si0 4 and the corresponding eigenvector of <5-is smallest (Figure 2) . On the basis of this assignment the chemical shift along the individual Si -O bonds can be calculated and the results are listed in Table 2 . Additionally, so called individual <5 values for the Si0 4 units in Ca6(Si 2 0 7 /(0H) 6 ) and ((CH 3 ) 4 N) 8 Si 8 O 20 •69H 2 0 [2] are given which can be calculated for axial symmetric shift tensors assuming the largest shift to be parallel to the shortest Si-0 bond.
Yosida and Moriya [17] have shown, that the degree of covalence /. of an A-B bonding may be estimated from chemical shift data of either the A or the B ions. They deduced a relation / ~ Ö. Since /. is proportional to the square of the overlap integral, it is approximately proportional to the repulsive potential between Si and O. This potential can be expressed in the form exp(-r/g) according to Born and Mayers well known theory [18] , r being the interionic distance and g a constant parameter for the Si-O bonds. With /. ~ Ö in a first approximation <5 ~ exp(-r/g) follows.
There are other concepts to correlate <5 with structure data as mentioned earlier. Using the "individual" data of Table 2 which enlarge the chemical shift range by a factor of 2 and the distance range considerably these concepts can be checked over a wide range. We, therefore, plotted the chemical shift data i) semilogarithmically against the bond length r (Fig. 3 a) , ii) against r following the proposal of Higgins and Woessner [19] (Figure 3 b) , and iii) against the bond strength 5 as proposed by Smith etal. [3] (Figure 3c ). s = s 0 (r/r 0 y N is defined according to Paulings concept of the bond strength where is the ideal strength of the bond length r 0 and TV is a constant which is different for each cation/anion pair. 5 was calculated using two differ-ent sets of s 0 , r 0 . and N (see Tables 1 and 3 in the paper of Brown and Shannon [20] ).
The Figs. 3 a, 3 b. and 3 c show that the simple plots Ö versus /• and, especially. In <5 versus r fit the data at least as well as the plot of Ö versus the bond strength 5. The correlation of isotropic chemical shift values with mean values for the bond strength of the four Si-0 bonds in the Si0 4 anion has been found to be better than the correlation with mean values for the bond distances by Smith et al. [3] . It may be that the bond strength concept partly compensates effects due to the use of mean values and isotropic chemical shift data. This is not necessary by regarding the Si-0 bonds within the Si0 4 tetrahedron separately. Of couse, more single crystal 29 Si NMR data have to be collected to prove this in greater detail. Finally it should be noted that the concept of Lippmaa [1] does not hold for individual chemical shift values along the Si -O bonds (see Table 2 ).
